ABSTRACT
INTRODUCTION
Geothermal heat pumps (GHPs), also referred to as ground source heat pumps (GSHPs), have been proved capable of producing large reductions in energy use and CO2 emissions in buildings while satisfying the demands for space heating (SH), space cooling (SC), and domestic water heating (DWH).
The U.S. Department of Energy (DOE) Geothermal Technologies Office (GTO) is developing a Geothermal Vision Study (Vision Study) to articulate GTO's investment strategies; discuss geothermal growth scenarios for near future; and address all market segments of the geothermal industry. The GHP is one of the thermal applications of low-temperature geothermal resources included in the Vision Study. This paper provides a brief review of the current status of GHP applications in the United States and presents an updated assessment of the technical potential of GHP applications in both residential and commercial buildings.
CURRENT STATUS
GHPs have been used in all 50 states and the District of Columbia in the United States (EIA 2010) . About 52% of domestic GHP shipments went to ten states: Florida, Illinois, Indiana, Michigan, Minnesota, Missouri, New York, Ohio, Pennsylvania, and Texas. Current GHP applications are more concentrated in areas with a cold climate and high population density.
A recent Navigant Research report (2013) indicates that the United States represented 29% of global GHP installations by capacity, with 13,564 MWt (3.9 million tons, or 1.1 million GHP units given the typical GHP unit size is about 12 kWt) installed by 2012. These GHP systems provide space conditioning to roughly 199 million m 2 (2.14 billion ft 2 ) of residential and commercial buildings in the United States. The current market share of GHPs in the U.S. heating, ventilation, and air-conditioning (HVAC) market is approximately 1% (EIA 2016a). A report issued by Priority Metrics Group (2009) estimated that the GHP market in the United States was about $3.7 billion in 2009, including design, equipment, and installation. It is estimated that the total revenue from sales of domestic GHP units was approximately $319.5 million in 2009 (EIA 2010).
The installed cost of GHPs varies widely, depending on geological conditions, building loads, system designs, and heat pump equipment. A few surveys have been conducted in the United States to collect cost information for GHPs. According to those surveys, the average cost of a commercial GHP system was $20.75/ft 2 in 2012 (Kavanaugh et al. 2012) . The typical price of a GHP system installed in a new home was in the range of $3,000-5,000 per cooling ton (Ellis 2008 ).
The high initial cost and the lack of public awareness and strong governmental support are believed to be the major barriers preventing rapid adoption of GHPs in the United States. Recent low prices of oil and natural gas (NG) reduce the monetary value of the energy savings, which makes consumers less willing to invest in GHPs. Finally, tax credits for GHP installations will expire at the end of 2016 unless the industry is successful in its efforts to persuade Congress to extend the tax credits. The high initial cost barrier for GHP deployment may be overcome by breakthroughs in the following areas:
 Lower-cost ground heat exchangers and customized drilling techniques/equipment for GHP  Better design of GHPs as a result of more information on the ground formation  Volume manufacturing of GHP equipment  Financial incentives or third party financing  Integration of GHPs as a part of utility infrastructure in new developments
METHODOLOGY
The GHP technical potential is assessed based on (1) energy consumption data obtained from the latest survey of energy consumption in residential and commercial buildings, which is conducted by DOE's Energy Information Administration (EIA); and (2) energy savings data for GHPs compared with existing conventional HVAC systems, which are calculated based on computer simulation results. These computer simulations account for many factors affecting energy savings, including thermal loads (determined by the location, building envelope, and activity of the building), performance of the existing HVAC systems, local geological conditions (i.e., undisturbed ground temperature and ground thermal conductivity), and the performance of GHPs.
Unlike previous studies (Hughes 2008; Liu 2010) , which relied on national or census region-level building energy consumption data, this study uses a database of county-level site energy consumption data in residential and commercial buildings, which was developed by the National Renewable Energy Laboratory (NREL) (McCabe et al. 2016) . The county-level data for residential buildings were derived by disaggregating regional-level (states, aggregates of states) site energy consumption data for SH, SC, and DWH-reported in EIA's 2009 Residential Energy Consumption Survey (RECS; EIA 2013)-by the most recent count of housing units in each county, which is extracted from the National Historical Geographic Information System for a 5-year period (2009) (2010) (2011) (2012) (2013) . The countylevel data for commercial buildings were derived by multiplying the total square footage of each type of commercial building in each county-extracted from the Federal Energy Management Agency's (FEMA) Comprehensive Data Management System (CDMS)-by the average site energy intensities (kBtu/ft 2 ) for SH, SC, and DWH for each particular type of commercial building in the climate zone in which the county is located. The average site energy intensities are provided in the 2009 Buildings Energy Data Book (DOE 2009) by principal building activity and climate zone.
The procedure for assessing the technical potential of GHPs is depicted in Figure 1 and explained in the following sections.
Figure 1
The process for evaluating the technical potential of energy savings by GHPs in a county.
Reference buildings for residential and commercial sectors
A reference building-a 1,644 ft 2 (153 m 2 ) one-story, slab-on-grade, wood-frame house-is used to represent typical U.S. homes with SH (DOE 2009). There are 18 building types (adopted from FEMA's CDMS) in the countylevel commercial building energy consumption database. These building types are categorized into five groups based on the similarity of the building activities, and each group of commercial buildings is represented in this study by one of DOE's Commercial Reference Buildings (CRB; DOE 2012). Table 1 lists the categories of the building types and corresponding CRB models. Totally, 13 locations (cities) were selected to represent the major climate zones (IECC 2009) in the Continental United States. Simulations of the reference buildings were used to evaluate the relative differences in energy consumption between the existing conventional HVAC system and the GSHP system (i.e., the energy saving percentage) to satisfy the same SH and SC demands for a particular building in a given climate zone. It was found that the size of a particular type of building does not affect energy saving percentages significantly so the impact of building size on the energy saving percentage is not accounted for in this study. On the other hand, the characteristics of the existing conventional HVAC systems (e.g., efficiency of cooling equipment or energy source for SH) make a significant difference in the energy saving percentage, which has been taken into account in this study as discussed below.
Simulations of GHP system and baseline HVAC systems
The residential GHP system simulated in this study consists of a packaged water-to-air heat pump (WAHP) unit with a two-stage scroll compressor and variable-speed electronically commutated fan-motor, a properly sized and highly energy-efficient loop fluid circulator, and a properly designed and installed vertical-borehole ground heat exchanger. The nominal cooling efficiency of the two-stage GHP unit is energy efficiency ratio (EER) 1 18.2 at full capacity and EER 27 at 76% of full capacity. The nominal heating efficiency of the two-stage GHP unit is COP 4 at full capacity and COP 4.5 at 76% of full capacity 2 . The ground heat exchanger is sized to maintain the fluid temperature from the ground loop (the entering fluid temperature to the GHP unit) within the range of 30 to 95°F (−1 to 35°C) for given building loads, ground thermal properties, and undisturbed ground temperatures. The commercial GHP system simulated in this study is a distributed GHP system, which is the most commonly used GHP system in the United States (Liu et al. 2015) . The simulated commercial GHP system consists of multiple two-stage WAHPs connected by a common water loop, with each WAHP serving an individual zone in the building. Although a GHP may also provide partial or full DWH (e.g., with a desuperheater or more advanced integrated heat pump), this study does not account for this service. Each CRB model includes an HVAC system that is commonly used in the represented commercial building (Table 1) . However, CBECS and RECS data indicate that there are many other existing HVAC systems serving each type of commercial buildings. The existing HVAC systems can be categorized based on the energy source for SH and SC. Table 2 lists different energy sources and their shares in the national site energy consumption for SH and SC of each group of buildings. These national-level contributions are determined based on the microdata of the most recent CBECS (EIA 2016b) and RECS (EIA 2013). As can be seen in Table 2 , electricity is the exclusively predominant (with a more than 98% share) energy source for SC in both residential and commercial buildings. NG, heating oil, and propane are the predominant (with more than 80% combined share) energy sources for SH in commercial buildings. For single-family homes, the combined share of NG, heating oil, and propane is relatively lower (66.5%), and electricity contributes 28.1% to the total site energy consumption for SH, of which two-thirds is from heat pumps (mostly air-source heat pumps) and the rest from electric resistance heaters. Since electricity is used almost exclusively for SC, the main difference in terms of energy consumption among the various existing SC equipment types is their cooling efficiencies. The minimum code-compliant efficiencies specified in ASHRAE 90. 1-2004 1- (ASHRAE 2004 were used in the representative CRB model to predict the exisiting SC equipment's energy consumptions.
On the other hand, energy consumption for SH depends on both the energy source and the efficiency of the existing SH equipment. Since the minimum code-compliant efficiencies of boilers or furnaces that use NG, oil, or propane are very similar (around 80% Annual Fuel Utilization Efficiency according to ASHRAE 90.1-2004), the non-electric heating equipment is modeled with the same heating efficiency. Therefore, two baseline SH systems were simulated for each representative commercial building-non-electric SH and electric resistance SH. Three baseline SH systems-non-electric, electric resistance, and air-source heat pump-were simulated for the representative residential building. The energy consumptions of both the baseline HVAC systems and the GHPs applied in each of the representative buildings are predicted with eQUEST (Hirsch et al. 2016 ), a widely used building energy modeling program; it uses the most recent development of the DOE-2 program, which includes a module for simulating GHPs (Liu and Hellstrom 2006) . The simulated baseline HVAC systems and the GHPs are sized to satisfy the SH and SC loads of each representative building and are operated with typical controls of these systems.
Energy savings and other benefits in each county and nationwide
Since the available county-level energy consumption data do not have information on the contribution of various existing HVAC systems in each county, the national shares of various SH systems (listed in Table 2) 
where i, j, and k are the indexes of baseline HVAC system, building type, and county, respectively.
The maximum achievable county-level annual site energy savings ( SES ) from GHP retrofits for a given group of buildings in a county is calculated by multiplying the corresponding total site energy consumption of existing HVAC systems ( SE ) with SE ESPct Avg _ _ , as expressed with Eq. (2).
The national annual site energy savings ( SES National_ ) resulting from retrofitting existing HVAC systems with GHPs in all buildings is calculated with Eq. (3).
The savings in primary (source) energy, the reduction in CO2 emissions, and the savings in energy cost are calculated following the same procedure. In these calculations, the annual site energy consumption of each existing HVAC system is replaced with the associated primary energy consumption, CO2 emissions, or energy costs, which are converted from the site energy consumption data using corresponding conversion factors published by NREL (2007) and the 2014 state-level average electricity and natural gas prices (EIA 2016c (EIA , 2016d . Figure 2 shows the annual source energy saving percentages resulting from retrofitting the existing HVAC systems, which are included in the original CRB models, with GHPs at different locations (each representing a climate zone). As shown in Figure 2 , the range and magnitude of source energy saving percentages vary widely by building type: 32-59% for a single-family home, −4-50% for offices, 18-41% for lodgings, 17-33% for schools (education), and −2-33% for stores. In general, more energy savings can be achieved at locations in cooler climates. These results indicate that the source energy saving percentages for residential buildings are higher than those for commercial buildings. The simulated residential building is conditioned continuously year-round (like most U.S. homes) and has less internal heat gain (e.g., from lighting and computers) than commercial buildings, which results in a higher ratio between SH and SC demands. It is thought to be the reason for the larger energy saving percentages of residential buildings. For buildings in hot climates (e.g., climate zones 2A and 2B), the energy savings in SH are very small; and the moderate energy savings in SC could be offset by the pumping energy of the GHPs. Associated with source energy savings, GHP retofits also reduce carbon emissions. With more renewable power in the mix of electricity production in the future-a trend that has already begun-the emission factor of electricity will decrease, which in turn can further reduce the carbon emissions of GHPs.
RESULTS AND DISCUSSIONS
The simulation results also indicate that GHPs can reduce annual peak electricity demand for all the investigated buildings except those in very hot climates (e.g., climate zone 2B), or in very cold climates (e.g., climate zone 6B) and with existing non-electric SH system. Although GHPs could result in more electricity consumption (kWh) if they displace fossil fuels for SH, they still reduce summer peak electricity demand because of their higher cooling efficiencies than that of the conventional SC systems. Figure 3 shows the combined source energy savings potential in both residential and commercial buildings in each county of the United States (not including counties in Alaska and Hawaii). The amount of source energy savings in each county (in Trillion Btu) is color-coded as shown in the legend. As Figure 3 shows, there are substantial energy savings potentials (>0.4 Trillion Btu) in most counties in the United States, and the northeastern region has more counties with high source energy saving potential (>2 Trillion Btu) than other regions. Table 3 lists the annual site energy savings, source energy savings, carbon emission reductions, and energy cost savings in the residential and commercial sectors, respectively, and the sum of the two sectors. As shown in the table, retrofitting the residential sector with GHPs has three times more potential than retrofitting the commercial sector. Combining both residential and commercial sectors, GHP retrofits have a potential to save 5.7 quadrillion Btu of primary energy, avoid 356.3 million metric tons (Mt) of CO2 emissions, and reduce energy costs by $49.8 billion, in each year.
The U.S. residential sector consumed 5.5 and 2.7 quads (10 15 Btu or 2.93·10 8 MWh) of primary energy annually for SH and SC, respectively, in 2009 (EIA 2013) . The 2009 building energy data book (DOE 2009) stated that 2.3 and 2.2 quads of primary energy are consumed annually for SH and SC in commercial buildings. The 5.7 quads of primary energy savings from GHP retrofits can reduce the national primary energy consumption for SH and SC by 45%. If 20% of the technical potential can be realized, 1.1 quads of primary energy consumption will be avoided each year, which accounts for 9% of the current annual primary energy consumption in the entire building sector for SH and SC. This paper presents an analysis of the technical potential of GHP applications in both residential and commercial buildings in the United States. The analysis indicates that retrofitting existing conventional HVAC systems in U.S. residential and commercial buildings can result in significant energy savings and carbon emission reductions. The residential sector has three times more energy saving potential than the commercial sector. Combining both residential and commercial sectors, GHP retrofits have a potential to save 5.7 quadrillion Btu of primary energy, avoid 356.3 million metric tons (Mt) of CO2 emissions, and reduce energy costs by $49.8 billion, in each year. Given this huge energy savings potential, GHP could be a key component of national energy and climate change mitigation strategies.
High initial cost is the biggest barrier for GHP deployment, but it may be overcome by breakthroughs in the following areas:
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